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g Brief overview of twist-3 PDFs
Twist-2 PDFs Twist-3 PDFs
Order of contribution:  (O(1) Order of contribution:  O(1/Q)

Jaffe, Ji (PRL 67, 552)/ Jaffe, Ji (Nucl. Phys. B 375, 527)

PDFs Dirac structure PDFs Dirac structure
fi(z) ['=q7 e(x) I'=
g1() =~ s gr(z) I'=~17
hi(x) I =ioc'Tys hr(x) [ =ioct s
Density interpretation: T ‘ — No density interpretation:
f1(x) @ A auarspin | [T

Burkardt (arXiv: 0810.3589)

[ dx x*gr(x) — L force

M. Constantinou fd;p 3726(;6) — | force

g1(x) _@' :
Fig. courtesy: hi(z) @ @
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Processes sensitive to twist PDFs (list not exhaustive)
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Brief overview of twist-3 PDFs

Processes sensitive to twist PDFs (list not exhaustive)

PDFs Processes Data
gT(:c) For instance:
Hall A, 2016/
Hall C, 2018

For instance:

CLAS12 (2021)

None
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Some model studies of twisB PDFs (list not exhaustive)
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Some model studies of twisB PDFs (list not exhaustive)

PDFs

Model & d(x)?
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Brief overview of twist-3 PDFs

Some model studies of twisB PDFs (list not exhaustive)

PDFs Model & d(x)?

normal QCD-vacuum

N\ ¥
e(x) hr(x) »mm
/ pressure

t

perturbative QCD-vacuum
inside the proton

@E@ Jaffe, Ji, 1991

13



Brief overview of twist-3 PDFs

Some model studies of twisB PDFs (list not exhaustive)

PDFs Model & d(x)?

normal QCD-vacuum

N\ ¥
e(x) hr(x) -a»(lil!')1:;m
/ pressure

t

perturbative QCD-vacuum
inside the proton

@E@ Jaffe, Ji, 1991

xQSM
e(x) ~ d(x)

Ohnishi, Wakamatsu,
2003

14



Brief overview of twist-3 PDFs

Some model studies of twisB PDFs (list not exhaustive)

PDFs Model & d(x)?

normal QCD-vacuum

N\ ¥
e(x) hr(x) —)(;m
/ pressure

t

perturbative QCD-vacuum
inside the proton

@E@ Jaffe, Ji, 1991

xQSM

e(x) ~ d(x)

@{@ Jakob, et. al, 1997

Ohnishi, Wakamatsu, d(x) Aslan,Burkardt, 2018

2003

gr(x)

~ \ @2@ Jakob, et. al, 1997

6(x)  Aslan,Burkardt, 2018
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Brief overview of twist-3 PDFs

Sounds interesting! |
Can we extract these quantities from
latti

2(

£UUO

| e
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k' QuasiPDF approach

Light -cone (standard) correlator

Ty 1 [dz” i
FR@) =5 | 5
x(plY(=35) T W(-3,5)¢(35)Ip) .
zt=Z,=0
. o 1, 1
A Time dependence :2° = —(zt +27) = —=z

V2 V2

A Cannot be computed on Euclidean lattice
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QuaskPDF approach
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Light -cone (standard) correlator

Correlator for quasi-PDFs(Ji, 2013)

A Cannot be computed on Euclidean lattice

A Canbe computed on Euclidean lattice

1 dz= . . 1 dzg .
[T] _ = e ik-z T, .. p3 1t ik-z
FUi(x) 5 | 5 ¢ Fo'(z;P7) = 5 | 5-¢
X(pl(=3) T W(=3, 5)¥(3)Ip) . < (plo(=5) T Wa(=35, 5)v(5)Ip) )
zt=%, =0 20=7 =
: 1 . .
A Time dependence :2° = %(fr +27) = Ez— A Non-local correlator depending on positionz?

A QuasiPDF approach made it possible to directly extract lightone PDFs from lattice QCD
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Light -cone (standard) correlator

Correlator for quasi-PDFs(Ji, 2013)

A Cannot be computed on Euclidean lattice

A Canbe computed on Euclidean lattice

1 dz= . . 1 dzg .
[T] _ = e ik-z T, .. p3 1t ik-z
FUi(x) 5 | 5 ¢ Fo'(z;P7) = 5 | 5-¢
X(pl(=3) T W(=3, 5)¥(3)Ip) . < (plo(=5) T Wa(=35, 5)v(5)Ip) )
zt=%, =0 20=7 =
: 1 . .
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A QuasiPDF approach made it possible to directly extract lightone PDFs from lattice QCD

A By now, enormous progress has taken plac&ee previous talks by Constantia, Nikhil, Raza & Krzysztof
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kr QuasiPDF approach

Light -cone (standard) correlator

Correlator for quasi-PDFs(Ji, 2013)

L[ de

1 [d2®

A Cannot be computed on Euclidean lattice

e = g ) e e = 3 [ e
X(pl(=3) T W(=3, 5)¥(3)Ip) . < (plo(=5) T Wa(=35, 5)v(5)Ip)
zt=%, =0 20=%, =0
A Time dependence :2° = %(f +27) = %2_ A Non-local correlator depending on positionz?

A Canbe computed on Euclidean lattice

A QuasiPDF approach made it possible to directly extract lightone PDFs from lattice QCD

A By now, enormous progress has taken plac&ee previous talks by Constantia, Nikhil, Raza & Krzysztof

A Other Euclidean approaches:PseudePDF (Radyushkin, 2017)current-current correlators (Ma, Qiu, 2014)é
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QuaskPDF approach
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QuaskPDF approach

Sample calculations for twist2 PDF f; in Quark Target Model (QTM)
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QuaskPDF approach

Sample calculations for twist2 PDF f; in Quark Target Model (QTM)

4

T ——iQQCF'ugegW - dhk Tr[uﬂfy’/ (k+mg) 7" (%"‘mq)'yﬂ T ETY 1
fi(z) = A f (2m)" (k2 —m2 +ie)2((p — : 5( )

— 0o

23




QuaskPDF approach

Sample calculations for twist2 PDF f; in Quark Target Model (QTM)
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QuaskPDF approach

Sample calculations for twist2 PDF f; in Quark Target Model (QTM)

f(l_):_ngCFuQegW foo dik_ Trluuy” (K +mg)y" (K+mg)y"] of kT 1
! 4 oo (2m)7 (K2 —m2 +ig)2((p — '

—
[}
—~
—
g~

A [ dk~ — Residue theorem
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QuaskPDF approach

Sample calculations for twist2 PDF f; in Quark Target Model (QTM)

4

f(2) = _ 9O g foo d"k_ Trluuy” (k4 q)”_y+(%+ )"

4 —oo (2m)" (K2 —mp+ i) ((p

A [ dk~ — Residue theorem

A Perform [ d?k

v
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QuaskPDF approach

Sample calculations for twist2 PDF f; in Quark Target Model (QTM)

fiw) = -0 g [ Ok ST EAAO T (R g ()L
1 4 Coo (2m) (K2 — ) +ie)*((p — k)* — m2 + ig) pt ) pt
A [ dk~— — Residue theorem
A Perform [ d?k,
2
fi(e) = 2251 - g) PUVHH oy Pov = L
27 €UV

| \/

D<x<l1
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Sample calculations for twist2 PDF f; in Quark Target Model (QTM)

What if | calculate f, , with, a completely spatial correlator & with v* in the Infinite Momentum Frame (IMF)?
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Sample calculations for twist2 PDF f; in Quark Target Model (QTM)

What if | calculate f, , with, a completely spatial correlator & with 3

‘4
7

A

fi(x) = —

192 Cr g, /OO d"k TT[U’UD’Y k—i—/{ %WL’”’%{’Y“
4 Tyl—l—zs m2 + ic)

pS

)

in the Infinite Momentum Frame (IMF)?

5(s

1

p3

29




QuaskPDF approach
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Sample calculations for twist2 PDF f; in Quark Target Model (QTM)

What if | calculate f, , with, a completely spatial correlator & with 3

b
P

A

fi(z) = —

192 Cr g, /OO d"k TT[U’UD’}’ k—i—/{ %WL’”’%{’Y“
4 Tyl—l—zs m2 + ic)

ARk — (K% ki, k3)

pS

)

in the Infinite Momentum Frame (IMF)?

5(s

1

p3
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QuaskPDF approach
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Sample calculations for twist2 PDF f; in Quark Target Model (QTM)

What if | calculate f, , with, a completely spatial correlator & with 3

b
P

A

fi(z) = —

192 Cr g, /OO d"k TT[U’UD’}’ k—i—/{ %WL’”’%{’Y“
4 Tyl—l—zs m2 + ic)

A k— (K ki, k%)

A [ dk® — Residue theorem

pS

)

in the Infinite Momentum Frame (IMF)?

5(s

1

p3
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Sample calculations for twist2 PDF f; in Quark Target Model (QTM)

What if | calculate f, , with, a completely spatial correlator & with v* in the Infinite Momentum Frame (IMF)?

& p—k _ig*Crp® gJW/Oo d"k Tr[uufy k+/{ k+m,{)/fy“ (x——)i

f 3 —_— ¥ fl(m) — 4 7?,2,4_ gg —|— ’LE) p‘?’ p3
P4

A k— (K ki, k%)
A [ dk® — Residue theorem

A Take p° — o0

| A Perform [ d%k,
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Sample calculations for twist2 PDF f; in Quark Target Model (QTM)

What if | calculate f, , with, a completely spatial correlator & with v* in the Infinite Momentum Frame (IMF)?

& p—k _ig*Crp® gJW/C’o d"k Tr[uufy k+/{ %+m,{{'y“ (x——)i

f 3 —_— ¥ fl(m) — 4 7?,2,4_ gg —|— ’LE) p3 p3
P4

A k— (K ki, k%)
A [ dk® — Residue theorem

A Take p° — o0

A Perform [ d%k, / i

Ji(z) = (1—x) (Pqurln )

g OF
2T
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Sample calculations for twist2 PDF f; in Quark Target Model (QTM)

What if | calculate f, , with, a completely spatial correlator & with v* in the Infinite Momentum Frame (IMF)?

e | e S [k ey (o ] ()1
tooooooosy t e O R =i (k) —mE+ie) T p*) P

P

A k— (ko, k., k?’)

A [ dk® — Residue theorem

A Take p° — o0

> dk -
| A Perform [d?k, o GFL Unfortunately, this
/ cannot be calculated
on lattice
O-’SOF / -

fi(x) = (1—x) ('Pt§+ In $¢22

d

2m
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QuasiPDF approach

X 1L

Sample calculations for twist2 PDF f; in Quark Target Model (QTM)
whatif _— _— _— ; 1 il correlator & with 3 in the Infinite Momentum Frame (IMF)?
O O O () pmaX ~ —
a
k4 ’ ./ ./././ d"k Trluuy” (F —I—/{q)’yS (%+m,{{’yﬂ 5 RPN 1
i1 — 2m)" (k2 — mZ +ie)2((p — k)2 — m2 + ie) p® /) p?
0O0C a a g
O O O (@)
Lo~ L L LT heorem
A Take p® — o0
A Perform [ d?k, o dkL Unfortunately, this
/ cannot be calculated
on lattice
.C e
filz) = a F(l —:B)('PUV + In ”é—Q)
2T Tm
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Sample calculations for twist2 PDF f; in Quark Target Model (QTM)

What if | calculate f, , with, a completely spatial correlator & with v* in the Infinite Momentum Frame (IMF)?

2 p=k | ()= _ig°Crp’ g [~ 4k TT[UE'}; (F +/{q)’73 (F+ m/)/’Y“} 5(33 _ k_?’) S
A —— ) . : i~ N~ 7310 NP o s . ) p3 p3

p 4 What if I keep p° finite & repeat this calculation? ‘

A [ dk" — Residue theorem

A Take p® — oo

e o]
| A Perform [d?k, o dkL Unfortunately, this
/ cannot be calculated
on lattice
O-’SOF /

Ji(z) =

S 2
(1—$)('Puv—|—ln =
T

d

2m
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QuaskPDF approach

Sample calculations for twist2 PDF f; in Quark Target Model (QTM)
What if | calculate f; , with, a completely spatial correlator & with v* & keeping p® finite?
P o) — ig2C g, /00 d™k Tr[uuqf k—i—/{ %+m/{’)/“ Lk ) 1
e S 4 — gl + i)’ i\ )P
A Keeping p® finiteperform [ d?k,
(1—x)ln$f1+1 x> 1
sC — x)p3
filz,p®) = a F<(1—:1:)1n4(1 ;E)p?’—l—x 0<z<l
2T my
z—1
(1 —2) In —1 x <0
\ i
37




kr QuaskPDF approach

Sample calculations for twist2 PDF f; in Quark Target Model (QTM)

What if | calculate f; , with, a completely spatial correlator & with v* & keeping p® finite?

oo n ¥
Support outside “physical” region 0 < z < 1 ( d*k_ 1 [“’ uy (K "’/{ ’% + m/{ 7] (:c _ _) 1

T?Z—I—’LE m2 + ic) 3 ) p3

p /D
' A Keeping p* finiteperform [ d?k,

((1—x)ln$_1+1 x> 1
fi(z,p®) = a2F<(1—9:)1n( f)p3+:c 0<z<1
™ m;
—1
(1—x)ln$ —1 x <0
\ x
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kr QuaskPDF approach

Sample calculations for twist2 PDF f; in Quark Target Model (QTM)

What if | calculate f; , with, a completely spatial correlator & with v* & keeping p® finite?

oo n ¥
Support outside “physical” region 0 < z < 1 ( d*k_ 1 [u uy (K "’/{ ’% + m/{ 7] (x _ _) 1

T?Z—I—’LE m2 + ic) 3 ) p3

p /D
' A Keeping p* finiteperform [ d?k,

((1—x)ln$_1+1 x> 1
asC A(1 — x)p3
fi(z,p®) = 2F<(1—9:)1n( f)p3+x 0<z<1 oo
T m, =f0 dk |
—1
(1—x)ln$ —1 x <0
\ T
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QuaskPDF approach

IR singularities of quasi-PDFs & light-cone PDF's are same

What if | calculate f; , with, a completely spatial correlator & with v° & keeping p”

%+m,{)/'r’"’

2+ 7,6)

Support outside “physical” region 0 < x < 1 ( d"k Tr [uu fy (F + /{

L 772'_'_25

A Keeping p* finiteperform [ d?k,
TN ’;}
C +=I\n ’Il‘z’i\“’ 2>
_ _ asVUF (1 1) (’PUV voomygl | (
| h(z)= o ( \\\-—,’,l | (1—2) In p— +1 x>1
| / PR ‘\2\\
| —— a,C Al -x
filz,p®) = 2F<(1—a¢)(1n ( 2)]93}33 0<z<l1 o
7 \\~- mg—/, > fo dk |
—1
(1 —2) In ’ —1 x <0
\ T

finite?

)1
3’;—_ —
p° ) p?
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QuaskPDF approach

IR singularities of quasi-PDFs & light-cone PDF's are same

Support outside “physical” region 0 < z < 1 (

What if | calculate f; , with, a completely spatial correlator & with v° & keeping p”

%+m,{)/7“

2+ 7,6)

> A"k Tr[uuqf k—i—/{
L 772'_'_25

A Keeping p* finiteperform [ d?k,
,,',_'_\ B \
'1 p \\| 2>
(\ CI § = ,)(’pUV*H 1—;;::' ’:“L ( inite!
filz 5 \“,j' (1—2)In 1 +1 x> 1 UV-finite!
\ / ,’¢ ----- N\\ l
// a,C s A(1 — 2
fi(z,p’) = F<(1—:1:)(1n ( ;E)p?’lx 0<z<l1 o
2T o Mg L > fO dk |
(1 —2) In ’ —1 x <0
\ x

finite?

)1
3’;__ —
p° ) p?
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J QuaskPDF approach

IR singularities of quasi-PDFs & light-cone PDF's are same

What if | calculate f; , with, a completely spatial correlator & with v° & keeping p° finite?

oo n ¥
Support outside “physical” region 0 < z < 1 ( d*k_ 1 [“’ uy (K "’/{ ’% + m/{ 7] (:c _ _) 1

| T?Z—I—’LE m2 + ic) 3 ) p3

p /D
A Keeping p* finiteperform [ d?k,

Divergences will manifest after we integrate over

| C P +hn——l—’§‘l 2>
e 1—-’17)( UV "y oamgl ( e
- @)= T ( . ,’, ;1 (1—2x) lnx_1 +1 x>1 UV-finite!
I LTI l
| — a,C A1 — )2

filz,p’) = 2F<(1—:1:)(1n ( z)p?’}x 0<z<l1 oo

T \\\~~ mg—”; > fo ko_
—1
(1 —x) In = —1 x <0
\ x
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g ) Matching for twist -3 PDFs '] [I
SB, Cichy, Constantinou, Metz, Scapellato, Steffens —
Matching formula: QQ(LU;PB) — /+1 dyC( ) ( ) + O( ! ) ( Xiong, Ji, Zhang, Zhao, 2013/
—1 ‘ZJ| Ps 2 Stewart, Zhao, 2017/
. lzubuchi, Ji, Jin, St ewar t, Zha
(Scale dependence omitted)
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g Matching for twist-3 PDFs
SB, Cichy, Constantinou, Metz, Scapellato, Steffens

R/ 1 | .
Matching formula: qQ(gj; P3) — / yc( ) ( ) 4+ O( 2) ( Xiong, Ji, Zhang, Zhao, 2013/
—1 ‘ZJ| P. Stewart, Zhao, 2017/
Izubuchi, Ji, Jin, Stewart , Zha

(Scale dependence omitted)

Contributions in a nutshell: T
Not covered in this talk

A Derived the oneloop matching coefficient for the twist3 PDFs (gr(x), e(x), hr(x))




k? Matching for twist -3 PDFs I][I

SB, Cichy, Constantinou, Metz, Scapellato, Steffens —
dr.a
SB, Metz (2021) 0.5| or
Ma 0.04’; o (E) a(y) + O (Lz) ( Xiong, Ji, Zhang, Zhao, 2013/
sod) —= ey Yy Ps Stewart, Zhao, 2017/
_ lzubuchi, Ji, Jin, St ewart, Zha
002 | (Scale dependence omitted)
0.0;17
-15 -1.0 -0.5 » 15
COl -0.011

A Derived the oneloop matching coefficient for the twist3 PDFs (gr(x), e(x), hr(x))

A Provided the necessary theoretical tools to deal with complications duesmgular
zero-mode contributions




Matching for twist -3 PDFs

SB, Cichy, Constantinou, Metz, Scapellato, Steffens

T

+1 dy
Matching formula: qq(x; P3) 2/ )
1

(2o ()

(Scale dependence omitted)

( Xiong, Ji, Zhang, Zhao, 2013/
Stewart, Zhao, 2017/

Izubuchi, Ji, Jin, Stewart ,

Z |

Contributions in a nutshell:

A Derived the oneloop matching coefficient for the twist3 PDFs (gr(x), e(x), hr(x))

A Provided the necessary theoretical tools to deal with complications duesmgular

zero-mode contributions

A These contributions led to the firstever extraction of (gr(x), hr(x)) from

lattice QCD




Matching for twist-3 PDFs
SB, Cichy, Constantinou, Metz, Scapellato, Steffens

T

A Provided the necessary theoretical tools to deal with complications duesmgular
zero-mode contributions

Z |




Matching for twist-3 PDFs
SB, Cichy, Constantinou, Metz, Scapellato, Steffens

Setup for our calculation

k +| |
) —k
1-loop corrections = 6(1 —z) + f o M e w J
(Feynman Gauge) p
( (1b)

la) (1c)

e

+

,@ )
L

(2a) (2b) (2¢) (2d)

Ultra -violet:

[Z &Pk — euv

IR: f0d2kL — Myyq # 0, €Rr




Matching for twist-3 PDFs

SB, Cichy, Constantinou, Metz, Scapellato, Steffens

T

Setup for our calculation

=

T

R ¢

1-loop corrections = (1 — x) o
(Feynman Gauge)
(1b) (1c) (1d)
fl_ | = | | ~ | oy ~ma— I\
Ladder diagram: Origin of new features at twist-3 ‘
_ @ @) 2 ) )
Ultra-violet: [~ d*k;, — cuv IR: Jod*kL — my 4, #0, er




Non-trivial role of zero-modes in matching fore(z) &k, (z)

SB, Cichy, Constantinou, Metz, Scapellato, SteffehBPRD 102 (2020)

Light-cone PDF

Features

Example:
- I/“\\ ,
a asU R U
h(Ll(s)) (33)|mq = _Tqu?(m) EPUV + In nt?,J;[ —1

N’

q

)

A Zero modes are unavoidable

50
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Non-trivial role of zero-modes in matching fore(z) &k, (z)

SB, Cichy, Constantinou, Metz, Scapellato, SteffehBPRD 102 (2020)

Light-cone PDF

Features

Example:

4
a asCry
hfrf(sﬁ (x) |mq == Tﬁpﬁ?(ﬂﬁ)ﬁpuv

A Zero modes are unavoidable

A IR-dependentprefactor of zero modes
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Non-trivial role of zero-modes in matching fore(z) &k, (z)

SB, Cichy, Constantinou, Metz, Scapellato, SteffehBPRD 102 (2020)

Light-cone PDF

Features

Example:

-

/ A

\
a as Crf
hfrf(sﬁ (x) |mq == Tﬂpﬁ?(ﬂﬁ)ﬁpuv

A Zero modes are unavoidable

A IR-dependentprefactor of zero modes

QuasrPDF Features
Example: A Seemingly different looking IR pole
structure
hpoe(@)| =

Mg

Sy

T




Non-trivial role of zero-modes in matching fore(z)

&hé (IL‘)

SB, Cichy, Constantinou, Metz, Scapellato, SteffehBPRD 102 (2020)

Light-cone PDF

Features

Example:

-
’ \
\

a as Crf
P (@), = ‘Tf‘\f@)l{%v

N’

A Zero modes are unavoidable

A IR-dependentprefactor of zero modes

QuasrPDF

Features

Example:

(la) _
hiqe) () —

A Seemingly different looking IR pole
structure

A Do quasiPDFs and LC PDFs share same
IR physics?

23
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Non-trivial role of zero-modes in matching fore(z) &k, (z)

SB, Cichy, Constantinou, Metz, Scapellato, SteffehBPRD 102 (2020)

Treatment of IR singularity for quasi-PDFs (nonzero quark mass)

CI{SCF 1 mg

Rtz = — 2 _
L,Q(S)( ) m, o \/m where, n* = E —l<z<l1

o4



Non-trivial role of zero-modes in matching fore(z) &k, (z) Il
SB, Cichy, Constantinou, Metz, Scapellato, SteffehBPRD 102 (2020)

Treatment of IR singularity for quasi-PDFs (nonzero quark mass)
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